-Volume loading normalizes tolerance to a simulated hemorrhagic challenge in heat-stressed individuals, relative to when these individuals are thermoneutral. The mechanism(s) by which this occurs is unknown. This project tested two unique hypotheses; that is, the elevation of central blood volume via volume loading while heat stressed would 1) increase indices of left ventricular diastolic function, and 2) preserve left ventricular end-diastolic volume (LVEDV) during a subsequent simulated hemorrhagic challenge induced by lower-body negative pressure (LBNP). Indices of left ventricular diastolic function were evaluated in nine subjects during the following conditions: thermoneutral, heat stress, and heat stress after acute volume loading sufficient to return ventricular filling pressures toward thermoneutral levels. LVEDV was also measured in these subjects during the aforementioned conditions prior to and during a simulated hemorrhagic challenge. Heat stress did not change indices of diastolic function. Subsequent volume infusion elevated indices of diastolic function, specifically early diastolic mitral annular tissue velocity (E=) and early diastolic propagation velocity (E) relative to both thermoneutral and heat stress conditions (P Ͻ 0.05 for both). Heat stress reduced LVEDV (P Ͻ 0.05), while volume infusion returned LVEDV to thermoneutral levels. The reduction in LVEDV to LBNP was similar between thermoneutral and heat stress conditions, whereas the reduction after volume infusion was attenuated relative to both conditions (P Ͻ 0.05). Absolute LVEDV during LBNP after volume loading was appreciably greater relative to the same level of LBNP during heat stress alone. Thus, rapid volume infusion during heat stress increased indices of left ventricular diastolic function and attenuated the reduction in LVEDV during LBNP, both of which may serve as mechanisms by which volume loading improves tolerance to a combined hyperthermic and hemorrhagic challenge.
simulated hemorrhage challenges while in this thermal condition (1, 13, 18, 20, 21, 37, 38) . The mechanisms causing these responses are likely multifactorial, but could be related in part to compromised cardiac function. Passive uncompensable heat stress reduces central blood volume (6, 11) , left ventricular filling pressure, and left-ventricular end-diastolic volume (LVEDV) (9, 18, 23, 33, 39) . Notably, despite profound reductions in ventricular filling pressures, stroke volume is generally well maintained, due in part to an increase in leftventricular systolic function (2, 26, 27, 34) .
Unlike left-ventricular systolic function, the effect of passive heat stress on diastolic function is equivocal. Left-ventricular diastolic function is imperative for ventricular filling and comprises both the ventricular relaxation and filling components of the cardiac cycle. Previous studies indicate that diastolic function is preserved during heat stress (2, 26 -28, 36) . This is perplexing since indices of left-ventricular diastolic function are preload-dependent (29 -31) , and heat stress causes marked reductions in preload (6, 11) . Thus, one would expect indices of diastolic function to be reduced by heat stress simply due to reductions in ventricular preload. Conversely, using a less preload-dependent evaluation, Nelson et al. (27) and Stohr et al. (34) observed increased velocity of left-ventricular untwisting during heat stress, which may indicate enhanced ventricular suctioning during early diastole. However, to definitively assess whether left-ventricular diastolic function is altered in heat stress, the confounding effects of preload need to be controlled. To address this issue, one study used 30°head-down tilt to elevate ventricular preload during a passive uncompensable heat stress, while assessing indices of diastolic function. However, their results were unremarkable (26) , perhaps due to a relatively moderate degree of loading of the central vasculature and/or reflexes associated with the positional change. In our opinion, a more direct and controlled approach to address this question would be to load heat-stressed individuals with sufficient volume to return ventricular preload back to thermoneutral levels, and then assess diastolic function.
While heat stressed, colloid volume infusion, sufficient to return heat stress-induced reductions in CVP to thermoneutral pressures, completely restores tolerance to a simulated hemorrhage tolerance challenge (18) . While the mechanism(s) by which volume loading restores such tolerance remains unknown, it is possible that elevations in LVEDV, and perhaps accompanying increases in diastolic function, contributed. Ac-cordingly, this study tested two unique hypotheses; that is, the elevation of central blood volume via volume loading while heat stressed would 1) increase indices of left ventricular diastolic function, and 2) preserve LVEDV during a subsequent simulated hemorrhagic challenge induced by LBNP. The implications of such findings are important to improve understanding of the role of reductions in central blood volume during heat stress, as well as the accompanying beneficial effects and possible mechanisms of fluid resuscitation in individuals exposed to elevated environmental conditions with an accompanying hemorrhagic injury (e.g., soldiers, firefighters, and some occupational settings).
MATERIALS AND METHODS

Ethical Approval
The study procedures and consent were approved by the Ethics Committee of Copenhagen, and all experiments were performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from all subjects before participating in this study.
Subjects
Nine healthy male subjects participated in this study. The physical characteristics of these subjects were an age of 29 Ϯ 5 years, height of 180 Ϯ 5 cm, and weight of 75 Ϯ 4 kg (means Ϯ SD). Subjects were not taking any medications and were free of any known cardiovascular, metabolic, or neurological diseases.
Instrumentation and Measurements
Each subject was instrumented for continuous assessment of heart rate by electrocardiogram (ECG) and mean skin temperature from the weighted average of six thermocouples attached to the skin (35) . Each subject was then fitted with a two-piece water-perfused tube-lined suit (Med-Eng, Ottawa, Canada) and placed into a lower-body negative pressure (LBNP) chamber in the supine position. The suit covered the entire body except for the head, face, hands, feet, and one forearm. The suit contained an access port to the chest for Doppler-ultrasound measures, while maintaining maximal coverage of the torso. As outlined in a companion study (4) , catheters were inserted into the brachial artery for blood pressure measures and in the pulmonary artery for blood temperature measures. The catheter in the pulmonary artery also had a port to measure CVP).
Echocardiography
Echocardiographic images were obtained using a Doppler-ultrasound machine (HP Sonos 4500 System, Agilent Technologies, Andover, MA). Images were obtained by a highly experienced cardiac sonographer with the subject supine, and slightly rotated on his left side. These images were obtained within an ϳ5-min window when subjects were thermoneutral, heat stressed, and heat stressed immediately after receiving the volume load, as well as during 30 mmHg LBNP for each of these conditions.
Tissue Doppler imaging. Measurements of septal and lateral mitral annular early diastolic (E=), velocities were obtained, via standard tissue Doppler imaging techniques (30) , to provide an index of left ventricular diastolic function (30) . These measurements were obtained from the apical four-chamber view with a 4.0-mm sample volume positioned at the junction of the septal mitral annulus and the left ventricular wall, as well as the junction of the lateral mitral annulus and the left ventricular wall (30) .
Mitral inflow velocities. Mitral inflow velocities were also assessed from the apical four-chamber view using pulsed-wave Doppler with a sample volume of 2.0 mm positioned over the mitral valve leaflet tips. Peak inflow velocity was obtained during the early phase of left ventricular relaxation (E), which provides another index of left ventricular diastolic function (7, 16, 19) .
LVEDV. Echocardiographic images of LVEDV were obtained from the apical four-chamber view using two-dimensional imaging. Enddiastole was defined corresponding to the beginning of the R wave of the ECG.
Experimental protocol. Following instrumentation, subjects rested in the supine position while thermoneutral water (34°C) circulated through the suit. Data collection during thermoneutral baseline included echocardiographic-derived indices of left-ventricular diastolic function and LVEDV, as well as continuous assessment of CVP, arterial blood pressure, heart rate, internal temperature, and mean skin temperature. Following baseline data collection, all measurements were repeated during a simulated hemorrhage challenge evoked by LBNP. LBNP was first increased to 15 mmHg for 3-5 min to address questions pertinent to a companion study (4), followed by 30 mmHg for an additional ϳ5 min. Echocardiographic images were obtained during this 30 mmHg LBNP stage. This level of LBNP was selected because it is generally tolerated by individuals exposed to a heat stress, whereas higher LBNPs result in a high incidence of intolerance (37) . Following completion of thermoneutral data collection, LBNP was turned off and a ϳ5-min recovery period ensued. Whole body heating was then started by circulating ϳ48°C through the suit until internal temperature increased by ϳ1°C (ϳ45 min). If necessary, the temperature of the circulating water was decreased by 1-2°C to attenuate the rate of rise in internal temperature during the ensuing data collection period. The aforementioned data were then obtained at baseline and again during 30 mmHg LBNP (also after a brief exposure to 15 mmHg LBNP). LBNP was then turned off for an ϳ5-min recovery period. Then, while still perfusing the suit with warm water, subjects received a rapid infusion of 500 ml of a hydroxyethyl starch intravenous solution (Voluven, Fresenius Kabi), which was immediately followed by a normal saline (0.9% NaCl) intravenous infusion sufficient to achieve a total infused volume of 12 ml/kg (total saline infused ϭ 433 Ϯ 56 ml). The goal of the fluid load regiment was to return CVP and presumably central blood volume to thermoneutral levels. Solutions were warmed to 38°C via a coil infusion heater prior to being infused through the venous catheter. The total duration of the infusions was ϳ10 min. A hydroxyethyl starch solution was used to maximize plasma volume replacement given that colloids remain in the vascular space for an appreciably longer duration (Voluven range is 4 -6 h) than saline alone (24) . This solution was also selected over Dextran, which we previously used (18) , given the lower risk for an anaphylactic reaction with hydroxyethyl starch (14) . Following volume infusion, the aforementioned data were again obtained at baseline and during 30 mmHg LBNP, the latter after ϳ5 min of exposure to 15 mmHg LBNP.
Data from eight of the nine subjects reported herein were included in a companion study that addressed an unrelated hypothesis (4). That is, data obtained for the companion study addressed questions related to the effects of heat stress on Frank-Starling relations, rather than left ventricular filling and diastolic function addressed in the present study. Echocardiography data of diastolic function and ventricular filling volumes presented here were collected during some, but not all of the time points, in which pulmonary capillary wedge pressure and thermodilution data were obtained in the companion study to evaluate the effects of heat stress on Frank-Starling relations (4) . No Doppler data were presented in the companion study, and only previously reported descriptive and supporting data have been included in the present study.
Data Analysis
Echocardiography. Echocardiographic loops were saved on the internal hard drive of the Doppler-ultrasound machine and later imported into a clinical workstation (EchoPAC, GE Vingmed Ultrasound, Horten, Norway) for off-line analysis. Indices of diastolic function are presented as the average of the values obtained at the septal and lateral mitral annulus within each condition. The average of four measurements of each variable was obtained from consecutive cardiac cycles and was compared across the indicated data collection periods. Manual planimetry of the area circumscribed by the leading edge of the endocardial border was used for left ventricular enddiastolic area. LVEDV was calculated using the single-plane arealength formula in accordance with current guidelines (15) . The average of three measures from consecutive cardiac cycles was obtained for determination of LVEDV. Echocardiographic analysis was performed by a sonographer who was blinded to the thermal and LBNP status of the individual.
Hemodynamic-cardiovascular and thermal data. Cardiovascular and thermal data (with the exception of the echocardiographic data) were collected at a minimum of 50 Hz throughout the experimental procedures by a data acquisition system (Biopac, Santa Barbara, CA).
Statistical analysis. Baseline hemodynamic data, as well as indices of diastolic function during the three conditions, were analyzed via one-way repeated-measures ANOVA. Likewise, a one-way repeatedmeasures ANOVA was utilized to compare responses for indices of diastolic function during LBNP for the three thermal conditions. The combined effects of heat stress, with and without volume infusion, and LBNP on LVEDV, were analyzed via a two-way repeatedmeasures ANOVA (i.e., thermal condition vs. LBNP level). Each ANOVA was followed by a Tukey post hoc analysis when a main effect was identified. The alpha level for all analyses was set at 0.05. Results are reported as means Ϯ SD.
RESULTS
Prior to any thermal perturbation, mean skin and internal temperatures were 34.9 Ϯ 0.2°C and 36.6 Ϯ 0.2°C, respectively (Table 1) . Heat stress increased mean skin temperature to 37.7 Ϯ 0.4°C (P Ͻ 0.001) and internal temperature to 37.7 Ϯ 0.4°C (P Ͻ 0.001). Upon completion of volume infusion, but prior to LBNP, mean skin temperature (P ϭ 0.98) and internal temperature (P ϭ 0.07) were unchanged relative to the heat stress condition.
Compared to thermoneutral conditions, heat stress reduced mean arterial pressure (Table 1 ; P Ͻ 0.01), while heart rate was elevated (Table 1 ; P Ͻ 0.001). Subsequent volume infusion did not alter mean arterial pressure (Table 1 ; P ϭ 0.67), while heart rate was further elevated relative to the heat stress-alone condition (Table 1 ; P ϭ 0.04). Importantly, while CVP was reduced during heat stress (Table 1 ; P Ͻ 0.01 relative to thermoneutral conditions), volume infusion returned this pressure to thermoneutral levels (Table 1 ; heat stress ϩ volume infusion vs. thermoneutral conditions; P ϭ 0.56; volume infusion vs. heat stress alone; P ϭ 0.03).
There was no effect of heat stress alone on early (E=) mitral annular diastolic tissue velocity or early diastolic mitral inflow velocity (E), both relative to thermoneutral conditions (P Ն 0.65; Table 2 ). Subsequent volume infusion increased E= and E, such that both were elevated relative to thermoneutral levels (P Յ 0.02; Table 2 ). During LBNP, E was higher during heat stress and heat stress ϩ volume infusion relative to thermoneutral (P Ͻ 0.01 for both; Table 2 ), while this variable was similar between heat stress and heat stress ϩ volume infusion (P ϭ 0.22; Table 2 ). Also during LBNP, E= during heat stress ϩ volume infusion was higher relative to thermoneutral (P ϭ 0.02; Table 2 ); however, there was no difference in E= between heat stress and heat stress ϩ volume infusion (P ϭ 0.85; Table 2 ) or between thermoneutral and heat stress (P ϭ 0.08; Table 2 ) during the respective LBNP periods.
Prior to LBNP, heat stress reduced LVEDV relative to thermoneutral conditions (P Ͻ 0.01, Fig. 1 ). Subsequent volume infusion increased LVEDV such that it was not different from LVEDV during thermoneutral conditions (P ϭ 0.15; Fig. 1 ). During LBNP, LVEDV was reduced in each thermal condition (P Ͻ 0.05 for each condition; Fig. 1) ; however, the magnitude of this reduction was smaller during the heat stress ϩ volume infusion condition relative to both thermoneutral and heat-stressed conditions (P Ͻ 0.05 for both comparisons, Fig. 1 ). As a result, absolute LVEDV during LBNP was smaller during heat stress (74 Ϯ 25 ml) relative to during thermoneutral (103 Ϯ 25 ml) and volume infusion (111 Ϯ 26 ml) conditions (P Ͻ 0.05 for both comparisons, Fig.  1 ). However, absolute LVEDV during LBNP was similar between thermoneutral and volume infusion conditions (P ϭ 0.44; Fig. 1 ).
DISCUSSION
There are several key findings from this study. Acute volume infusion in heat-stressed subjects 1) increased indices of diastolic function (E and E=) relative to heat stress conditions, 2) attenuated heat stress-induced reductions in LVEDV, and 3) attenuated the LBNP-induced reduction of LVEDV. The latter response resulted in an absolute LVEDV during LBNP that was ϳ50% higher relative to the same level of LBNP, while heat stressed without volume loading. Thus, upon normalizing preload, heat stress improves indices of diastolic function and attenuates the reduction in LVEDV during a simulated hemorrhagic insult. The net result of these responses likely contributes to the observed higher stroke volume and cardiac output during LBNP following volume loading in these same subjects, as previously reported in the companion study (4) .
Diastolic Function
Whole body heat stress induces a myriad of hemodynamic alterations, including reductions in central blood volume (6, 11) , various indices of ventricular filling pressure, and LVEDV (9, 18, 23, 33, 39) . Given the preload dependence on indices of diastolic function (17, 25, 29 -31) , one would expect heat stress to decrease such indices. However, on the contrary, indices of diastolic function are preserved in heat stress conditions (2, 26, 27) . A possible explanation for this dichotomy may be that heat stress itself engages responses that would otherwise increase diastolic function, as proposed by Nelson et al. (27) and Stohr et al. (34) , but that response occurs in the background of reductions in ventricular filling pressures (17, 25, 29 -31) ; the net result is no change in indices of diastolic function. If this is the case, then elevating central blood volume while individuals are heat stressed should be accompanied by clear increases in indices of diastolic function. In support of that hypothesis, volume loading of heat-stressed individuals, sufficient to restore CVP and LVEDV toward thermoneutral levels, caused parallel increases in E and E=. Thus, the present data suggest that indices of diastolic function can be increased in heatstressed individuals should volume loading be sufficient to elevate ventricular preload to preheat stress levels.
Elevations in indices of diastolic function following volume infusion while heat stressed are in contrast to a report by Nelson et al. (26) . They exposed subjects to 30°head-down tilt to counter reductions in central blood volume that occur during heat stress and found no changes in indices of diastolic function. In a contrasting methodological approach, Crandall et al. (10) found that central venous pressure and central blood volume (scintigraphy) were normalized relative to thermoneutral conditions following the volume-loading protocol employed in the present work, which is why we selected this approach to test the presented hypotheses. Discrepancies in these results may be related to differences between a more direct loading of the ventricle via volume infusion, as would occur during fluid resuscitation of hemorrhaging individuals, vs. perhaps more moderate fluid shifts induced by head-down tilt. Moreover, responses associated with postural changes during head-down tilt may influence the observed outcome.
Left Venticular End-Diastolic Volume
As we and others have reported, heat stress itself generally reduces LVEDV (27, 28, 36) . Subsequent LBNP further reduces LVEDV, although the extent of that reduction is similar between the thermoneutral and heat-stressed conditions (Fig.  1) . Since heat stress so profoundly reduces tolerance to a central hypovolemic challenge (relative to thermoneutral conditions), similar reductions in LVEDV between these thermal conditions suggest that the magnitude of the reduction in LVEDV to LBNP is not necessarily the primary mechanism responsible for these differences in tolerance. However, because LVEDV is lower prior to LBNP due to heat stress itself, the absolute LVEDV during LBNP while heat-stressed is likewise lower (74 Ϯ 25 ml) relative to during LBNP in thermoneutral conditions (103 Ϯ 25 ml). This response corresponds to a greater reduction in stroke volume and cardiac output during LBNP during the heat stress condition, as observed in the companion study (4) . Therefore, differences in LBNP tolerance between these thermal conditions may be influenced by the absolute LVEDV and, thus, cardiac output and stroke volume during LBNP. In the current study, volume loading during heat stress increased LVEDV toward thermoneutral values, and, more importantly, attenuated the reduction in LVEDV during LBNP. This observation supports the hypothesis that reductions in LVEDV during heat stress are a contributing factor to heat stress-induced reductions in tolerance to a simulated hemorrhage challenge.
The magnitude of the reduction in ultrasound-obtained LVEDV while heat-stressed during LBNP in the present study (ϳ30%) may appear in contrast to the magnitude of the reductions in an index of heart blood volume to the same combined stimuli assessed via scintigraphy (10) . That said, it should be emphasized that values obtained with scintigraphy assess blood volume over minutes, do not distinguish between the right and left ventricles, do not distinguish between endsystolic or diastolic volumes, and do not distinguish between intraventricular and extraventricular blood volume within the assessed regions. This is in stark contrast to ultrasound measures that assess volumes over a few cardiac cycles only at end-diastole and only within the left ventricle. Thus, inherent differences in the regions assessed and their respective volumes likely explain these differing findings.
Methodological considerations and limitations. In the present study, the three evaluated conditions were not performed in a randomized manner. Such an approach would require that the Heat Stress Heat Stress + Volume Infusion Fig. 1 . Left ventricular end diastolic volumes (LVEDV) at baseline and at 30 mmHg lower body negative pressure (LBNP) during the three conditions: normothermia, heat stress, and heat stress ϩ volume infusion. Heat stress reduced LVEDV, while volume infusion increased LVEDV, such that it was not different from thermoneutral conditions. LBNP reduced LVEDV in all thermal conditions (P Ͻ 0.05), but the magnitude of this reduction was attenuated after volume infusion relative to both thermoneutral and heat stress conditions. †Significantly different relative to the respective heat stress condition (P Ͻ 0.05). ¥Significantly different, LVEDV lower relative to respective value prior to LBNP (P Ͻ 0.05). ‡Significantly different; magnitude of reduction in LVEDV during LBNP was less relative to reductions in this variable during normothermia (P Ͻ 0.05) and heat stress conditions (P Ͻ 0.01). subjects perform three separate studies (inclusive of invasive instrumentation) that would, unnecessarily, pose a greater risk to these volunteers. It is notable that measurements during heat stress and heat stress ϩ volume infusion were performed at similar skin and internal temperatures (see Table 1 ), and thus, it is unlikely that the lack of randomization affected the results. Another possible limitation is that only males were evaluated in this study. This was done to allow for a direct comparison with related studies also using males (10, 11, 36, 39) . Therefore, the obtained data only apply to males, and subsequent studies need to be performed to identify whether similar responses are observed in females.
During conditions in which heart rate is elevated, there is progressive merging of the E and A waves, which could artificially elevate E wave velocity in the current study. However, we are confident that the observed increases in early mitral propagation velocity (E) during heat stress ϩ volume infusion are related to an effect of heat stress as opposed to elevated heart rates for the following reasons: 1) E to A wave merging has a greater effect on the A wave measure than the E wave measure (27) , and 2) E wave velocity was similar between heat stress alone and thermoneutral conditions, despite an approximate 30-bpm increase in heart rate. Thus, it is unlikely that the additional 8-bpm increase in heart rate during volume infusion (relative to heat stress alone) could explain the observed elevation in E wave velocity. In addition, E= was also elevated during heat stress ϩ volume infusion, which is an index of diastolic function that is independent of any such merging of E and A waves at higher heart rates. In fact, a recent study reported that elevated heart rates tends to reduce E= (5). Therefore, it could be argued that the magnitude of elevation in E= during heat stress ϩ volume infusion would be even greater if heart rate had not increased. Taken together, these findings support the hypothesis that diastolic function during heat stress constitutes a balance between proposed heat stress-induced increases in function coupled with reductions in central blood volume, LVEDV, and/or ventricular filling pressures that would otherwise decrease diastolic function (9, 18, 23, 33, 39) , with a net effect of no change in diastolic function during this thermal exposure.
Data for the present work were obtained simultaneously with previously published data that addressed an unrelated hypothesis (4). The objective of that work was to evaluate the effects of heat stress on the Frank-Starling relationship, specifically to identify whether heat stress shifted the Frank-Starling relationship, which would be indicative of increased cardiac contractility and/or reduced left ventricular afterload. Given the unique questions addressed in the present work, we felt that combining these multiple objectives into a single article would result in a large and diffuse/unfocused paper that would dilute the significance of the individual findings. Thus, although these data were collected simultaneously, they are presented in individual articles.
Finally, the thermal perturbation used in the current study is a passive uncompensable heat stress. This mode of heating allows for improved thermal control, measurement standardization, and patient safety. Despite these benefits, this mode of heating generates high systemic skin temperatures that could affect the results in a different manner than if heating were induced via exercise or in an outdoor field setting. That said, Buller (3) reported equally high internal and skin temperatures in soldiers operating in the summer in Iraq, and skin and internal and skin temperatures can be substantially elevated, while wearing personal protective clothing (22) . Nevertheless, some caution needs to be employed when generalizing the interpretation of these data to conditions dissimilar to what these subjects were exposed.
Conclusion. The present results demonstrate that volume loading heat-stressed individuals increases indices of diastolic function. Moreover, volume loading preserves LVEDV during a simulated hemorrhagic challenge while heat stressed. These responses provide potential mechanisms by which volume loading improves arterial blood pressure and simulated hemorrhagic tolerance in the heat-stressed individual. These findings may have important implications in the development of treatments for hemorrhage in hyperthermic individuals (e.g., an injured soldier or firefighter), which should be directed toward increasing central blood volume via volume infusion or perhaps whole body cooling, which likewise increases ventricular filling pressures (12, 39) . Ironically, current medical practice within the military recommends warming the hemorrhaging victim (8) , which may be counterproductive to blood pressure regulation if that individual is also heat-stressed.
